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Lirseparator interface. Thus, the moss caused the separa-
tor disconnection from the lithium which became isolated
from the polymer electrolyte. This drastic deterioration of
the interface seemed to be the reason for the rapid capacity
decrease observed for that cell. This effect was strongly
enhanced with increasing the cycle number so that after 50
Ž .cycles Fig. 5c a very thick mossy layer has formed. In
this extreme case, one should be aware that the cutting and
the cooling of the battery could accentuate the poor ap-
pearance of the interface, and could explain the large
empty space between the lithium and the separator. The
morphology of the mossy layers, which were mainly the
Ž .Li-deposits during the charge s , is shown in Fig. 6. After
one charge the moss appeared porous and probably crystal-
lized, while it was more and more compact for the further
charges. The effect of the cycling is then the formation of
a more and more important amount of moss, whose mor-
phology slowly changed to a more dense texture.
To observe the growth of true dendrites, similar experi-
ments were carried out on lithium batteries cycled at
higher current rates. The polarization was larger, and the
capacity decrease faster than for a Cr5 cycling rate. After
one charge to 4.5 V corresponding to the extraction of 0.65
Li from the Mn-spinel, the cell was cut, transferred, and
observed within the SEM. Fig. 7a shows a general view of
the cell section, which presents an inhomogeneous Lirsep-
Ž .arator interface. After only one charge lithium deposition
the lithium surface was already pushed aside from the
separator, due to the growth of the lithium deposits at the
lith um–polymer interface that are visible at a higher
magnification in Fig. 7b and c. More precisely two kinds
of lithium deposits can be distinguished on the Li-surface:
Ž . Ž .aggregates Fig. 7c and tangled dendrites Fig. 8 . Note
that the morphology of the aggregate looks like the moss
Ž .deposited during a first charge at Cr5 Fig. 6a . According
to the Li-surface state and to the separatorrLi contact, the
lithium plating led either to true dendrites or to aggregates.
Nevertheless these aggregates seemed to be ‘pressed den-
drites’ which could not grow freely. This assumption is
uncertain because of the poor physical pressure applied by
the separator against the lithium. Finally the shape of the
deposits reported here is comparable with previous studies
w x9 . However, rarely has such a three-dimensional aspect of
the dendrites in a complete battery been so clearly ob-
served.
3.2. Copper cells
To determine the importance of the substrate, we de-
cided to study the phenomena of Li-plating on copper
instead of lithium. Copper cells were cycled at a low rate
Ž . Ž 2 .Cr10 to obtain a current density 0.45 mArcm of Cu
comparable to a lithium battery cycled at Cr5. A typical
galvanostatic cycling curve is shown in Fig. 9. Fresh and
cycled cells were then observed by SEM to determine the
morphology of the deposited lithium. For the non-cycled
cell, the lithium-free Cu grid was embedded in the elec-
trolyte polymer, which was completely fused with the
cathode-separator part, and the copperrseparator interface
Ž . Ž .was well defined Fig. 10 . After one charge Fig. 11 a
moss appeared that tends to push the separator away, as in
the case of the lithium batteries. The EDS spectra of this
moss as well as its morphology were similar to those
observed upon cycling for the lithium batteries. The influ-
ence of the lithium plating rate on its morphology was also
Fig. 8. Dendrite formed in a lithium battery after one charge at 2.2 mArcm2.
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Ionic liquids for Supercapacitors
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Figure 1: Representation of the cations (a) and anions (b) of the three ionic liquids consid-
ered in this work: [pyr14][TFSI], [pyr13][FSI], and [EMIM][BF4].
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Figure 1: Representation of the three ionic liquids considered in this work: (a)
N -methyl-N -butylpyrrolidinium bis(trifluoromethylsufonyl)imide ([pyr14][TFSI]), (b) N -
methyl-N -propylpyrrolidinium bis(fluorosufonyl)imide ([pyr13][FSI]), and (c) 1-ethyl-3-
methylimidazolium boron tetrafluoride ([EMIM][BF4]).
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Challenges to the MD Simulation of Supercapacitors
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System should conform to the classical electrostatic parallel plate capacitor model
Parallel Plate Capacitor Model
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Three primary options for electrostatic summation
Options for Electrostatic Summation
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3D/slab as accurate as 2D and fast as 3D
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Figure 2: Electrostatic potential profiles obtained from an Lz = 4 nm capacitor having a
constant   of 6 V. The profiles are obtained from simulations employing the 3D-Ewald
(dashed line), the 2D-Ewald (dotted line), and the 3D/slab-Ewald (solid line) summation
techniques. The profiles are shown from the center of the capacitor to z = 80 Å, which
represents the periodic boundary for the 3D and 3D/slab-Ewald techniques.
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Figure 1: Pictorial example of an ionic liquid (0.8[pyr14][TFSI] + 0.2Li[TFSI]) interfaced
with ideal basal-plane graphite electrodes as modeled in the present work. The distance
between the electrodes in the non-periodic z-direction, Lz, is 10 nm. Lithium ions are shown
as enlarged yellow atoms.
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Use of correct electrostatics prevents a 10-20 % error in capacitance 
Electrode Potential Versus Charge
0 1 2 3 4 5 6
S^ (V)
0
5
10
15
| m
|  (
µ
C /
c m
2 )
2D-Ewald
3D-Ewald
3D/slab-Ewald
0 1 2 3 4 5 6
S^ (V)
0
5
10
15
 |
m
| 
 ( µ
C /
c m
2 )
2D-Ewald
3D-Ewald
3D/slab-Ewald
0 1 2 3 4 5 6 7
z (Å)
0
5
10
15
20
^
 ( V
)
constant-S^
constant-m
(a)
(b)
Figure 3: Influence of long-range electrostatic summation (2D, 3D, and 3D/slab Ewald
summation) on the  - relationship of the Lz = 4 nm model capacitor for both (a) constant-
  and (b) constant-  conditions.
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Two approaches for computing capacitance
average potential on one of our electrodes is given by h i = ⌦ 1 R  e  HdRdP . As with
surface charge previously, the derivative of this quantity with respect to   may be taken
to yield

@  
@h i
  1
=  A h| |  i+
⌧
@ 
@  
 
+  A  
⌧
@| |
@  
  
 
   
⌧
@U
@  
  
 
, (11)
where   =    h i. For the systems of interest in the present work, we have found,
numerically, that
⌦
@ 
@  
↵
, representing the instantaneous change of electrode potential with
a change in potential diﬀerence, is 0.5 and -0.5 for the positive and negative electrodes,
respectively, to within the nearest thousandth. For reasons previously described, the final
two terms in Eq. 11 are vanishingly small and are not included in the current computations.
The total expression for diﬀerential capacitance for either the positive or negative electrodes
is then given as
C  =
@h i
@h i =

 A h| |  i+
⌧
@ 
@  
  
 A h| |  i+
⌧
@ 
@  
   1
, (12)
where C  indicates capacitance in the constant-  ensemble.
Complementary thermodynamic expressio s an be deriv d for our model capacitor in
the constant-  ensemble. The Helmholtz free energy can again be determined from F =
   1ln(⌦); however, the simpler form of the constant-  Hamiltonian when compared to
that of the constant-  case leads to
@F
@ 
=
X
i
@F
@qi
@qi
@ 
. (13)
As a constant value is used for each surface charge atom, @F@  further reduces to h i, the
average potential on the electrode. Concerning capacitance using constant-  electrodes, the
quantities of interest are @ /@h  i and @ /@h i, where the potential diﬀerence between
the electrode and the potential of each electrode are ensemble averages as the potential is
12
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I. INTRODUCTION
In response to a charged electrode, ionic liquids form electric double layers (EDLs). The
EDL consists of alternating layers of cations and anions that screen the surface charge. Ionic
liquid EDLs can have large values (⇠10-20 µF/cm2) of di↵erential capacitance, Cdl, which
is the rate of change of surface charge density (h i) with respect to surface potential (h i)
on a given electrode,
Cdl =
@h i
@h i , (1)
making them well suited for non-Faradaic energy storage. Recent experimental work has
delineated the sensitive relationship of the Cdl of ionic liquids to atomic-level details of the
EDL, including electrolyte mol cular size1 as well as electrode surface structure.2–7 The key
to improved energy storage lies in the optimization of these properties, which will require
careful control of molecular level features. In this regard, theoretical techniques, especially
those that capture the full atomic detail of the interface, will be a useful guide for future
development.
Molecular dynamics (MD) has been broadly and successfully employed to understand
both the structure of ionic liquids at electrified interfaces8–17 as well as to estimate the
electrode potential dependent di↵erential capacitance.18–28 A variety of ionic liquid inter-
atomic potentials have been applied to the study of EDLs, including coarse grained,19,29–31
all atom,8–15,17,18,20–25,28,32,33 and polarizable models.34–39 Coarse grain simulations of ionic
liquids19,29–31 have provided important insight into how ionic liquid size and shape influence
the EDL structure and capacitance. For instance, coarse grained models19,40 have been used
extensively to corroborate mean field predictions that describe how disparities in ion size and
packing at the electrode surface lead to the experimentally observed camel- and bell-shaped
profiles of Cdl with respect to h i. All atom interatomic potentials provide a richer represen-
tation of EDLs and have been used to detail both the electrode potential dependent structure
and the di↵erential capacitance of specific ionic liquid compounds.8–15,17,18,20–25,28,32,33 The
predictive power of these methods has been recently highlighted though the excellent agree-
ment of MD derived EDL structures with tomic force microscopy m asu ements41 and the
ability to capture the magnitude and camel shaped profile of Cdl.22–26,28 Adding a level of
refinement beyond the all atom models, polarizable models of ionic liquids, where each atom
has a dynamic dipole moment, have produced highly accurate measures of bulk structure
3
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Figure 5: Comparison of the diﬀerential capacitance obtained from Lz = 4 nm systems hav-
ing (a) constant-  and (b) constant-  electrodes. Capacitance from both the fluctuation
formulas (solid lines) as well as the numerical derivative of the charge density (dashed lines)
are provided.
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Fluctuation Expression for Capacitance
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Constant-charge electrodes more akin to expectations from mean field theory
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Figure 6: Diﬀerential capacitance of an Lz = 10 nm capacitor as obtained from the use of
constant-  (dashed lines) and constant-  (solid lines) electrodes.
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Constant-potential electrodes lead to denser ion surface layers
Influence on Surface Layer Density
-3 -2 -1 0 1 2 3
〈Ψ〉 (V)
0
25
50
75
Π
 ( %
)
0.5
1
1.5
2
N  
( n
m
- 2
)
0 1 2 3 4 5 6 7
0510
1520
Ψ
 ( V
)
constant-∆Ψ
constant-σ
(a)
(b)
[EMIM]
[BF4]
Figure 7: Properties of the electrode surface ion layer as a function of surface potential h i
for constant-  (solid lines) and constant-  (dashed lines) electrodes of an Lz = 10 nm
model capacitor. Both the (a) surface density, N , and (b) alignment with respect to the
electrode surface, ⇧, are given for cations and anions.
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Figure 7: Properties of the electrode surface ion layer as a function of surface potential h i
for constant-  (solid lines) and constant-  (dashed lines) electrodes of an Lz = 10 nm
model capacitor. Both the (a) surface density, N , and (b) alignment with respect to the
electrode surface, ⇧, are given for cations and anions.
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1.   Electrosta?c(Summa?on:((
Do"we"aWain"the"parallel"capacitor"limit?"
2.   Diﬀeren?al(Capacitance:(
(
What"is"the"most"eﬃcient"way"to"compute"capacitance?"
(
3.   Electrode(Charging:(((
What"is"diﬀerence"between"smearing"charge"or"se\ng"poten.al?"
(
4.   Polarizable(Force(Field:((
How"sensi.ve"is"interfacial"structure"and"capacitance"to"polarizability?"
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Challenges to the MD Simulation of Supercapacitors
18"
Addition of polarization leads to a net decrease in 
capacitance and more ion mixing at the surface 
Influence of Polarizable Force Field
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Figure 9: Potential dependent influence of electrolyte polarization on (a) diﬀerential capac-
itance ( Cdl) and (b) surface ion alignment ( ⇧) for a Lz = 10 nm model capacitor using
the constant-  formalism.
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Figure 9: Potential dependent influence of electrolyte polarization on (a) diﬀerential capac-
itance ( Cdl) and (b) surface ion alignment ( ⇧) for a Lz = 10 nm model capacitor using
the constant-  formalism.
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19"
Inter-layer dipole correlation effects lead to resistance to EDL formation 
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Figure 8: Comparison of (a) the average induc d ip le normal to the electrode, µz, for
[EMIM] and [BF4] and (b) the net ion distribution,  g = gcations   ganions, as a function of
distance from a surface cation in the rk direction and the electrode surface,  z. Results are
shown for our Lz = 10 nm model capacitor having   = 0 V. More cation concentration
is represented by blue regions while anion concentration is represented by red regions. The
direction of the average induced dipole in a given accumulation of ions is indicated by black
arrows.
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Inter-layer Correlation Effects
Dipole effects missing from practically all simulations
Conclusions
20"
• Electrostatic summation performed cheaply and accurately
• Fluctuation formulas developed for capacitance 
• Constant potential electrodes lead to more realistic capacitance 
profile
• Polarization effects lead to resistance to EDL formation
